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Abstract

Computer aided diagnosis of mental disorders like Attention Deficit Hyperactivity Disorder
(ADHD) and Autism is a primary step towards automated detection and prognosis of these
psychiatric diseases. This dissertation applies analyses based on learning models that use
structural texture and functional connectivity to diagnose ADHD and also Autism, from
(structural) 3-dimensional magnetic resonance imaging (MRI) and 4-dimensional resting-
state functional magnetic resonance imaging (fMRI) scans of subjects. One model learns
texture-based filters that are used to extract features from MRI scans. Using these learned
features, the model achieves 0.6257 (baseline 0.5497) accuracy on the ADHD-200 hold-out
dataset for differentiating between healthy control vs ADHD patients and also achieves
0.6173 (baseline 0.5157) accuracy on the ABIDE (Autism) hold-out test for differentiating
between healthy control vs Autism patients. Our next model examines temporal sequence
of fMRI activation levels at various brain locations in order to make a diagnosis from fMRI
scans. This incorporates spatial nonstationary independent component analysis of the fMRI
scans in order to extract the uncorrelated components and decomposes fMRI scans into com-
mon spatial components and corresponding time courses. Using individual time courses of
45 independent components as features, our algorithm learns a classifier that yields an ac-
curacy of 0.6491 on the ADHD-200 hold-out dataset, and 0.6233 accuracy on the ABIDE
hold-out test. This result is higher (0.0231 for ADHD and 0.0233 for Autism) than previ-
ously published accuracies on these datasets using fMRI scans. Finally a combination of
multimodal features yields 0.6725 diagnosis accuracy on ADHD-200 and 0.6431 accuracy
on ABIDE. This result is significantly higher (0.0465 for ADHD with one sided p = 0.01
and 0.0431 for Autism with one sided p = 1.6172e-06) than previously published hold-out
accuracies on these datasets using only imaging data. Our results indicate that combining
multimodal features yields good classification accuracy for diagnosis of ADHD and Autism,

which is an important step towards computer aided diagnosis of these psychiatric diseases.
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What we observe is not nature itself but nature exposed to our method of questioning. Our
scientific work in physics consists in asking questions about nature in the language that we
possess and trying to get an answer from experiment by the means that are at our disposal

— Werner Heisenberg, 1958.
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Chapter 1

Introduction

Statistical machine learning methods have recently permeated disciplines such as Psychi-
atry, which specializes in the diagnosis and treatment of neuropsychiatric disorders [9].
The availability of large scale neuroimaging datasets has encouraged researchers to develop
computer aided tools and procedures for understanding the human brain and its disorders.
Structural MRI scans provide a noninvasive technique for getting a volumetric image of the
brain anatomy. On the other hand, functional MRI (fMRI) scans measure brain activity by
detecting fluctuations in blood-oxygen levels over time.

Using MRI/fMRI for detecting brain functional disorders, like Autism and Attention
Deficit Hyperactivity Disorder, remains an unsolved challenge for neuroscientists. Signifi-
cant work has been done to show changes in brain connectivity for the patients suffering
from ADHD [21, 22, 23] and Autism [19, 20]. These association studies, which find specific
characteristics that are discriminating at the group level (patient vs control), are very useful
as a primary step towards robust understanding of the diseases and their underlying differ-
entiating factors. By contrast, we are interested in exploring ways to learn predictive models,
which seek combination of features that are effective for predicting whether an individual
subject has the disease.

Here we explore ways to use analyses based on structural texture features (from structural
MRI scans) and functional connectivity (from fMRI scans) to predict whether a specified
subject has specific psychiatric disease. In both cases, brain structure (MRI) and activities
(fMRI) are represented digitally as vozels, the smallest block in the MRI and fMRI scans.
Each voxel in MRI and fMRI corresponds a 3-dimensional rectangular block in brain. The
size of that block depends on the resolution of the scanner. A high resolution scanner will
be able to take images with very small sized voxels.

In brain images, the structural textures give us information about spatial arrangements
of voxel intensities in the 3D scans which in turn describes neurological aspects of the
subject’s brain. On the other hand, functional connectivity captures patterns of deviations

from statistical independence between the time signals at distributed and often spatially



remote neuronal regions (Friston, 1993; 1994, Sporns 2010). Deviations from statistical
independence are generally taken to indicate dynamic coupling and can be measured, for
example, by estimating the correlation, independent components, etc. As a first step towards
creating a generalized prediction tool for ADHD/Autism, we experiment with the texture
based models that describe structural arrangements of the brain by learning texture features
from 3D MRI scans. We then use these texture features to learn classifiers designed to
predict whether a patient has the disease. To study the functional aspects of the diseases,
we experiment with four different source separation techniques to decompose the fMRI into
spatial components (each of the components consists of a set of voxels in brain that co-
activate together) that are common across the subjects, with individual time courses. This
in turn allows each subject to be described as a composition of the common spatial maps
with unique time course corresponding to that subject. Instead of doing statistical group
level analysis on the extracted time courses, we use them as features for our predictor. We
used two publicly available multisite datasets, ADHD-200 ' and ABIDE 2, for testing our
models.

Since the publication of ADHD-200 data, many researchers have explored ways to im-
prove the prediction accuracy of ADHD using this data. However, the competition results
show that the best prediction result is still far from being clinically relevant. Eloyan et
al. [3] won the ADHD-200 competition (using imaging data), achieving an accuracy of
0.6154 (baseline 0.5497). Later other works [13, 14, 10] improved the accuracy on this task,
with an accuracy 0.6257 [10] on the hold-out set. Similarly, using ABIDE data for autism
prediction, Nielson et al. [18] achieved 0.6000 (baseline 0.5157) prediction accuracy.

In this dissertation, we show that by using multimodal features from both structural
and functional MRI scans, we can improve the accuracy of ADHD/Autism prediction using
MRI/fMRI scans compared to the previous results. This is an important step towards
formulating a computer aided prediction model for predicting psychiatric diseases.

Specific contributions of this work are as follows:

1. Motivated by the work of Ghiassian et al. [10] of using texture-based features for
ADHD/Autism prediction, we show that texture based models that learn features from
the data, can match, or sometimes outperform, other standard MRI-based prediction

models (Section 2.4).

2. We extend existing ICA-based source separation in fMRI analysis to prediction studies
and devise a novel algorithm for this task (Section 2.5). This algorithm outperforms

other fMRI based algorithms for ADHD/Autism prediction.

Thttp://fcon_1000.projects.nitrc.org/indi/adhd200/
2http://fcon_1000.projects.nitrc.org/indi/abide/
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3. We apply and compare four different source separation models to get a good repre-
sentation of fMRI scans and validate each model based on the prediction accuracy on

a large ADHD (respectively Autism) dataset.

4. We introduce using multiple decorrelation [7] for fMRI source separation. Here, 3D
volumes of fMRI are modeled as nonstationary signals and source separation based
on second order criteria is used to separate out common spatial activation maps and
corresponding time courses. The validation set and test set accuracies show that there
are changes in the components’ time courses that distinguish ADHD (respectively

Autism) patients’ brains from healthy controls.

5. Finally, combining features learned from MRI and features extracted using fMRI
source separation, we improve the prediction model accuracy for ADHD to 0.6725
(compared to 0.626) and Autism to 0.6431 (compared to 0.60). Note that these re-

sults are just using imaging data.

In order to develop a classifier that can diagnose ADHD and Autism correctly, we took
a “biologically naive” approach for extracting features; that is, we do not use any prior
biological information, about the brain nor the fMRI signal, etc. The ADHD-200 and ABIDE
datasets consist of both structural and functional MRI scans. Figure 1.1 shows the pipeline
for developing the classification algorithm. We develop separate diagnostic classifiers for
diagnosis from MRI (Method 1 and Method 2) and fMRI scans (Method 3). Finally,
we used a combination of features from both MRI and fMRI scans to develop the “final”
classifier (Method 4). Fig. 1.2 further elaborates the feature extraction block in Fig. 1.1
for each of these methods. In all these cases, we assume that the features are separable in a
non-linear space. When we use linear features — i.e. features are extracted using a linear
transform — we use a non-linear classifier. In case of non-linear features — i.e. features are
extracted using a non-linear transform — we use linear classifier.

For any image recognition task, the choice of feature extraction can greatly facilitate or
impede the classification. If the features are meaningful and discriminating, the task for the
subsequent classifier becomes easier [37, 39, 41, 42]. For developing a diagnostic classifier
from structural MRI scans, we consider two approaches.

First, motivated by recent success of generic feature descriptors extracted from convo-
lutional neural networks in object recognition and classification tasks [37, 38], we apply the
large generic filters learned from a vast labeled dataset (ImageNet®). We used the Overfeat
system # [38], which has a vast array of filter banks learned from ImageNet, to our learning
task (predicting ADHD vs. Healthy and Autism vs. Healthy). Here, features were ex-

tracted using the filter banks in Overfeat system to apply in totally different domain and

Shttp://www.image-net.org/
4http://cilvr.nyu.edu/doku.php?id=software:overfeat:start
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Figure 1.1: Overview of our diagnosis models. Each model’s training stage develops the classifier
responsible for diagnosing new subjects, which is then used in testing stage

datasets (ADHD-200 and ABIDE) [39]. We denote this model for learning and classification
as “Method 1”. Note that “Method 1” (and the other methods discussed below) include
both learning and classification.

Secondly, many current projects in machine learning and neuroimaging research have
attempted to learn features from the data [31], which boost the prediction power of the
model. There is a vast literature that employs domain independent representation learning
(that learns features from the data) for many recognition and prediction tasks in computer
vision. These feature learning techniques have recently been employed for learning features
for Alzheimer’s disease from the ADNI dataset [32]. In these datasets, the number of labeled
MRI/fMRI scans from patients and controls is on the order of hundreds or thousands for the
largest public datasets. This is relatively small in comparison to datasets such as ImageNet,
which has over half a million samples. MRI/fMRI datasets are comparatively small due
to the difficulties of recruiting subjects and the high costs associated with MRI scanning.
Therefore, it is imperative to devise tools that explore the local structures and redundancies
in the images. Motivated by the success of using representation learning in medical imaging
domains [32], we used a one layer convolutional neural network with 3-D learned kernels

(5 x 5 x 5) as feature extractors using structural magnetic resonance images from each
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Figure 1.2: Feature extraction steps for each of our methods

dataset (ADHD-200/ ABIDE). The main idea of using self-taught learning is motivated by
the work of Raina et al. [45]. It uses sparse coding to construct higher-level features using
the unlabeled data. These features form a succinct input representation and significantly
improve classification performance for object recognition. In this experiment, our main
contribution is to show that a simple feature learning algorithm can sometimes perform as
well as a complex algorithm. We denote this method for learning convolutional network
features and classification from MRI scans as “Method 2”.

For developing a diagnostic classifier from fMRI scans, we consider four different source
separation techniques for learning a good representation of fMRI scans. Each of the models
uses the temporal evolution of fMRI voxel activations in the brain in order to make a
diagnosis. It decomposes fMRI scans into common spatial components and corresponding
time courses. Specifically we apply Principal Component Analysis (PCA), Kernel Principal
Component Analysis (k-PCA), Independent Component Analysis (ICA) and Nonstationary
Source Decomposition (NSD) to the problem of learning to diagnose ADHD (respectively
Autism) from resting-state fMRI scans of subjects. The individual time courses from the
separated sources were used as features for learning and classification. We denote this
method for learning and classification using four different feature extraction approaches

from fMRI scans as “Method 3”. Note that “Method 3” refers to each of four separate



methods, each of which is one of PCA, kPCA, ICA and NSD.

Finally, we combined different features from imaging modalities (MRI and fMRI) to
create the final predictor. Recent neuroimaging studies have indicated higher predicting ca-
pability from combined features from different neuroimaging modalities [47, 49]. To investi-
gate the effect of combining features from structural MRI and functional MRI on psychiatric
disease prediction, we concatenated the features from previous experiments (“Method 2”
and “Method 3”). The combined features were used for the learning and prediction. We
denote this method as “Method 4”.

The rest of the thesis is structured as follows: Chapter 2 outlines the pre-processing of
raw fMRI data and overviews the methods used in our study. Chapters 3 describes the
results on the ADHD-200 and ABIDE datasets, and Chapter 4 discusses potential future
works for MRI and fMRI-based diagnosis.



Chapter 2

Foundation

This section presents the overall process of the diagnostic system based on Figure 1.1.
We first describe the dataset (Section 2.1) and evaluation criteria (Section 2.2). Then we
outline the preprocessing pipeline for ADHD-200 and ABIDE data in Section 2.3. The
remaining sections summarize diagnostic methodology from MRI scans (Section 2.4), fMRI

scans (Section 2.5) and combined imaging features (Section 2.6).

2.1 Dataset

For evaluating each model, we used two multi-site datasets: ADHD-200 and ABIDE. Each
of the datasets included a structural scan (high resolution, for a single time point), and also
one or more resting-state functional scans for each of the subjects. Spatial resolution of
the structural MRI scans was 1mm x 1mm x Imm. In the resting state functional scan,
the subject did not perform any explicit task. That functional scan included between 76
to 261 time points for each ADHD-200 subject and between 82 and 320 time points for
each ABIDE subject. Different subjects were scanned with different temporal resolutions:
ranging from 1.5 seconds through 3 seconds in the ADHD-200 dataset, and from 1 seconds
through 3 seconds in the ABIDE data. The field strength of the MRI scanners varied from
1.5T to 3T. Each data collection site used its own scanner(s) and its own MR scanning

parameters. More details are available at the ADHD-200 site ! and ABIDE site 2 .

ADHD-200

The ADHD-200 data is a multi-site combination of neuroimages taken from 8 sites. The
demographics of subjects in the dataset is shown in Table 2.1.

We used a training set from this data to learn a prediction model and to estimate its
accuracy (using cross-validation). The training set consists of 776 resting state scans: 491

were taken from healthy controls and 279 were patients. To balance our training set, we

Thttp://fcon_1000.projects.nitrc.org/indi/adhd200/
2http://fcon_1000.projects.nitrc.org/indi/abide/
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Table 2.1: ADHD-200 data demographics. Site abbreviations: Peking University (Peking),
Kennedy Krieger Institute (KKI), NeuroIMAGE (NI), New York University (NYU), Oregon Health
and Science Unwversity (Oregon), University of Pittsburgh (Pitt), Washington University in St.
Louis (WashU)

PEKING BROWN KKI NI NYU OREGON PiTtT WasHU
SUBJECTS 245 26 94 73 263 113 98 61
ADHD 130 26 33 50 163 71 9 0
MALE/FEMALE 174/71 9/17 64/30 43/30 171/92 61/52 53/45 33/28
AGE MEAN 11.7 14.54 10.22 17.64 11.45 0.10 15.08 11.47
AGe STD 1.96 2.54 1.34 3.05 2.91 1.20 2.78 3.88

used all 279 patients and selected 279 healthy controls evenly taken from all the sites as our
training set [14, 40, 13] which means that the baseline classification accuracy for the training
set is 0.50. This training set is used for model selection and cross validation. The ADHD-
200 competition hold-out data consists of 171 subjects (94 healthy subjects and 77 ADHD
cases, baseline 0.5497). The set is used for evaluating the quality of the final model which
was untouched during training. We also discuss the effect of unbalanced set on training (in
terms of number of patients vs healthy) in section 3.4.1. The ADHD-200 dataset included
other non-imaging features for each subject, including gender, age, handedness, site of the
imaging, IQ measure etc (see ADHD-200 consortium® and Brown et al. [50] for more details

on these personal characteristics). However we only use imaging data for our experiments.

ABIDE

The ABIDE* dataset consists of 1111 scans: 573 are healthy controls and 538 patients with
autism. The demographics of subjects in the dataset is shown in Table 2.2.

To evaluate each learning model, we used 800 subjects (70%) for model training and
311 subjects (30%) for hold-out testing. We used the same case/control ratio (0.5157) for
both training and test set. The ABIDE dataset provided an extensive array of nonimaging
information information which included age, gender, handedness, various IQ scores, site
of the imaging and eyestat (which indicated whether the person kept his eyes open or not
during the scan); for more information on these personal characteristics see ABIDE #. Again

we only use imaging data for our experiments.

2.2 Evaluation Criteria

We use both 5-fold cross validation accuracy and hold-out accuracy to evaluate our im-
plemented diagnosis algorithms. Five-fold cross validation is mainly used for tuning each

model and getting a basic estimate of performance for the model. The training set S and

3http://fcon_1000.projects.nitrc.org/indi/adhd200/
4http://fcon_1000.projects.nitrc.org/indi/abide/
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Table 2.2: ABIDE data demographics. Site abbreviations: California Institute of Technology
(Caltech), Carnegie Mellon University (CMU), Kennedy Krieger Institute (KKI), Ludwig Maxim-
tlians University Munich (LMU), New York University (NYU), Olin Institute of Living at Hart-
ford Hospital (Olin), Oregon Health and Science University (Oregon), San Diego State University
(SDSU), NeuroIMAGE (NI), Stanford University (Stanford), Trinity Centre for Health Sciences
(Trinity), University of California, Los Angeles (UCLA), University of Leuven (Leuven), Univer-
sity of Michigan (UMich), University of Pittsburgh School of Medicine (Pitts), University of Utah
School of Medicine (Utah), Yale University (Yale)

CAaLTECH CMU KKI LMU NYU OLIN OREGON SDSU
SUBJECTS 38 27 55 57 184 36 28 36
AvuTism 19 23 22 24 79 20 13 14
MALE/FEMALE 32/6 23/4 48/7 48/9 154/30 31/5 24/4 30/6
AGE MEAN 22.3 25.4 10.4 20 13.9 17.2 10 14.4
AceE STD 4.1 4.5 1.4 9.1 5.1 3.2 1.8 1.5

NI STANFORD TRINITY UCLA LeuveN UMicH  PiITTS UTAH YALE
SUBJECTS 30 40 49 108 64 145 57 101 56
AvuTism 15 20 24 62 29 68 30 58 28
MALE/FEMALE 24/6 17/3 19/5 52/10 24/5 59/9 25/5 51/7 26/2
AGE MEAN 29.5 9.5 16.6 12.7 21.4 13.8 17.9 24.5 12.4
AceE STD 5.9 1.7 3.0 2.1 2.3 2.7 5.5 3.7 2.9

hold-out set H, contain subjects and their corresponding true labels. Here for each model,
the training set (S) is partitioned into five subsets (S1,Se,S3, Sy, S5) where each subset
contains a distribution of class labels, i.e., healthy and ADHD or Autism, in proportion to
the whole training set. We also define S_; = S — S;. In each iteration, we use 4/5 of the
training set for training and the remaining 1/5 for testing. A different subset is used for
testing in each iteration. At each iteration, learner L(S_) where k € {1,2,3,4,5}, learns
a classifier Cy, from S_j, which is 4/5 of training data. The remaining 1/5 of the training
data Sk, is used when computing the test accuracy. Our classifier Cy(-) will output a class
label Cy(x) € {healthy, ADHD (respectively Autism)} for each subject « and corresponding
label y. In general, we define the accuracy of classifier C(-) on set S,
> Iy=C())

(z,y)€S

5]
where I{y = C(x)} = 1if C(z) = y and 0 otherwise and |S] is total number of subjects

accs(C()) =

in S. The 5-fold cross-validation accuracy is the average of the classification accuracies

computed for each of the five cross-validation folds,

5
1
5CVace( L, S ) = 5 Zaccsk (Ck)
k=1

Also, for hold-out set H, the accuracy (for classifier C' learned from the training set S)

is given by

Test Accuracy = accy (C(+))



We computed various statistics on the hold-out set, including accuracy, sensitivity, speci-
ficity and J-statistics whenever we compared our results to previous results. If we consider

label 1 for ADHD-positives (respectively Autism) and label 0 for healthy controls, then

Y Hy=1H{C) =1}

. (z,y)eH
Sensitivity i (C()) =
d IH{y=1}
yeH
and
> Hy=0} {C(x) =0}
i (z,y)€H
Specificity g (C(+)) =
> Hy=0}
yeH
and

Jstat g (C(+)) = (Sensitivity 7 (C(+)) + Specificity z (C(+)) — 1)

2.3 Preprocessing Pipeline

For preprocessing, we used SPMS8 ° and our own in-house MATLAB code. Our preprocessing

involved 6 steps:

1. 6-parameter rigid body motion correction of functional scans

2. Co-registration of functional scans to subject-specific structural scans to guide the

spatial normalization step

3. Non-linear spatial normalization (parameter estimation and spatial transformation) of

structural images to the MNI T1 template ¢

4. Non-linear spatial normalization of previously co-registered functional image volumes
(in step 2) to MNI T1 template using warping parameters computed in the structural

image normalization

5. Spatial smoothing of functional image volumes with 8mm full width half maximum

(FWHM) Gaussian kernel

6. Z-normalization of each 3D volume intensities for structural and functional image to

standardize the intensities of images scanned from different sites.

The details of the pre-processing can be found in Ghiassian et al. [10].

Shttp://www.fil.ion.ucl.ac.uk/spm/software/spm8/
Shttp://imaging.mrc-cbu.cam.ac.uk/imaging/Templates
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2.4 Diagnosis from Structural MRI Scans

This section describes in detail the diagnosis algorithm (for ADHD vs. Healthy and Autism
vs. Healthy) from MRI scans. We first define some common terms to be used later in this

section.

Filters

In image processing, filters are transformations that accentuate certain features within an

image. Filters are generally defined on a neighborhood. For example for a 2D image, a filter

0O 1 0
hcontrast =1 -4 1
0O 1 0

is defined on 3 x 3 neighborhood for each pixel.

Convolution

Convolution is a mathematical operation on two functions I(z,y) and h(u,v), producing a
third function that is typically viewed as a modified version of I(z,y), giving the overlap
between the two functions. In case of 2-dimensional convolution, I is the image and h is the
filter that is convolved with the image. The result of the convolution can be interpreted as
the similarity measures between each pixel of the image and the filter. For 2D images, this

operation at pixel (z,y) is defined by g(z,y) = Z I(x —u,y —v) h(u,v) where V is
(u,w)eV
the neighborhood where filter h is defined as above.

The effect of convolving the image in Fig 2.1a with the filter after convolution is shown

in Fig 2.1b. We see the filter A enhances the contrast in the image.

(a) Actual image (b) After convolution

Figure 2.1: Simple example showing effect of convolution and filtering with Acontrast On an image

11



Max-Pooling

To aggregate statistics of features extracted after convolution (which is an integral part
of convolutional neural network described below), we compute the maximum value of a
particular feature over a region of the convolved image. We divide our convolved features
(in our example before, they are pixels of the convolved image) into disjoint regions, and
take the maximum feature value over each region to obtain the pooled convolved features.
These summary statistics are much lower in dimension (compared to using all of the pixels
from the convolved image) which means they might also improve results (less over-fitting).
The aggregation operation is called max pooling. The max-pooling operation is illustrated
in Fig. 2.2. The same concept applies to 3D, where instead of 2D filters, 3D filters are used

and max-pooling is done in 3D regions.

1112 4

max pool with 2x2 filters
and stride 2 6 | 8

L 3

6 8
21110 3| 4
2|13 |4

Figure 2.2: Max pooling operation. Left: Image after convolution step. Right: After maxpooling
step. Stride is distance between two max-pooling regions.

Convolution and maxpooling steps are used in our experiment (“Method 2”) whenever

we extract features from 3D MRI scans.

2.4.1 Method 1 (Using off-the-shelf Features from Convolutional
Neural Network)

There are 2D filters available from other research groups [37, 38], and it is desirable to use
those existing 2D filters because they have shown good performance on other classification
tasks [39]. However, using those 2D filters with 3D MRI data presents challenges. For
example, the 3D geometric relations are not incorporated whenever we use the 2D filters
as feature extractor. Also, psychiatric diseases like ADHD/Autism have been associated
with functional dysfunction of brain regions. In this case, fMRI is useful to study functional
impairment of brain regions. Using only 3D structural MRI scans we are not using the time
domain information from fMRI. To address the first challenge, we extract the features in

the following way: Use 2D filter extractor from each 2D axial slice and combine the features
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(described below). To address the second challenge, we devise an algorithm in Section 2.5.
This algorithm decomposes fMRI scans into common spatial components and corresponding
time courses and uses the time courses as features for disease prediction.

We used filters learned from a publicly available trained convolutional neural network
(Overfeat 7 [38]) that was trained on the ImageNet® dataset. Overfeat has two different
learned filter banks described as a) fast, vs. b) accurate. Among these two, the accurate
model has more layers and more learned filters. We followed Razavian et al. [39] and used

the accurate model.

Preprocessed Feature
Datset of MRI Extraction from ———
ST Overfeat l
Learner
Labels
Feature Label
MRI Scan of . : .
New Subject Extraction from (Diagnosis)
Overfeat

Figure 2.3: Input, algorithm pipeline and output of the learning and performance task for
Method 1. In this case, each block at the left of an arrow is input to the block at the right
of an arrow.

The feature extraction block consists of 8 layers of learned filters. At each layer,
the output from the previous layer is either convolved with a set of filters (in the case
of convolution layers) or else submitted to the max-pooling operator (in the case of max-
pooling layers). Filter size for the layers varied from 7 X 7 to 3 x 3. The input of the
feature extractor is a 2D image of size 221 x 221. For our experiments, each of the 2D axial
slices (of size 79 x 95) from an MRI scan was upsampled with linear interpolation using the

upsample function in the python multirate toolbox to the size 221 x 221 and fed to the

"http://cilvr.nyu.edu/doku.php?id=software:overfeat:start
8http://wuw.image-net.org/
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feature extractor.

2D slices of MRI Feature Extraction Block Features from last layer

79 x 95 221 x 221 | /2?8528x1

=

1st Slice Upsampling
Convolution Subsampling Convolution Subsampling Convolution

Jeuies o)

79x95 221 x221|

OSS

Upsampling
68th Slice Convolution Subsampling Convolution  Subsampling Convolution

Figure 2.4: Convolutional neural network feature extraction [35]

The feature extraction step is shown in Fig. 2.4. The last layer feature values of the
convolutional neural network (before the learning block, 4096 values for an image) were
stacked to form one feature vector for one MRI image. This produces 4096 x 68 (where
68 is the number of axial slices) feature values for one MRI scan. These stacked feature
values were used to train a linear support vector machine, that is optimizing the following

optimization function, for the training data (x;, y;),
1
min §||w||2 —i—CZmax(l — ywTx;,0) (2.1)
K3

where w is a normal vector to the hyperplane that divides x;s into different classes. Here w
is a vector of weights learned by the standard SVM learner. This optimization was solved
using the kernel trick within the libsvm package ?. The hyperparameters are learned using

5-fold internal cross validation in each fold.

http://wuw.csie.ntu.edu.tw/~cjlin/libsvm/
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2.4.2 Method 2 (Using a Single Layer Unsupervised Convolutional
Neural Net)

In this experiment we use a very simple learning algorithm: just a one-layer unsupervised
convolutional network followed by a simple linear support vector machine learner to learn the

local statistics from the ADHD-200/ABIDE structural data. After establishing the learning

framework, our system used cross-validation to choose the hyperparameters Fig. 2.5.

Preprocessed
Datset of MRI 3D PaFch | —— - filters
Scans Sampling

Convolution and
Max-pooling

< Labels >

Learner

Label

(Diagnosis)

Convolution and
Max-pooling

MRI Scan of

New Subject Classifier

learned
filters

Figure 2.5: Input, algorithm pipeline and output of the learning and performance task for
Method 2

Unsupervised Feature Learning using Sparse Autoencoder

An autoencoder [33] is a network where the output is the same as input. In our model, the
network parameters minimize reconstruction error using the back-propagation algorithm.
The network parameters give rise to learned filters. A simple autoencoder is shown in
Fig. 2.6,

To avoid the nodes (points to which the inputs are connected) in the hidden layer learning
same or redundant filters, sparsity is enforced. An autoencoder is sparse when most of
the nodes in the hidden layer are zero given any input. The sparsity of an autoencoder
encourages the network to learn different transformations in each of the nodes in hidden

layer [34]. This improves robustness in the learned filters — i.e. each filter learned will be
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decode

encode

Figure 2.6: A simple autoencoder reference [56]

different and will specify a particular characteristic of the input. Formally the network tries

to optimize the following optimization function,

k
1 . .
J(W,b) = ] > L(x,%)+ 8> KL(plig;) + AW
xeD j=1

h= U(W1X+b1)

where D € R™*™ is the data matrix, each data point x € R™, also h € R* is the hidden
representation of the data, X € R" is reconstructed data, L(a,b) = >, (a; — b;)? is squared
loss error, o(s) = 1/(1 + e~*) is sigmoid function, p is sparsity parameter, p is average
activation, and KL(p|/g;) = plog(f—j) +(1-p) log(llfp%) is Kullback-Leibler divergence,
(W = [W1,Ws] and b = [by, ba]) are the parameters to learn and k is the number of nodes
in the hidden layer. The weights of the connections learned at each node corresponds to
one filter. The hyperparameters are learned using 5-fold cross validation. The optimization

was solved using L-BFGS package 1°.

Convolutional Network

Once the filters (total number k) are learned from sparse autoencoder, the each filter is
convolved with the actual image to produce feature maps. An example of the features
learned from natural images is shown in Fig 2.7.

The convolved features produced are highly non-linear. This comes from the sigmoid

function in the cost [35]. In order to reduce the dimension of the features, a subsequent

Ohttp://users.iems.northwestern.edu/~nocedal/1bfgsb.html
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Figure 2.7: 25 filters learned from sparse auto encoder using natural image patches

layer after the convolution performs local pooling thus reducing the resolution of the feature
maps. This introduces translation invariance of the features in the max-pooling region. Max
pooling was used in the experiment using a 5 X 5 x 5 non-overlapping bounding box. This
reduces the feature dimensions by a factor of 125. This step also reduces sensitivity of the
feature map to various distortions. These extracted features were later used for learning

and prediction.

Learner

The features were used to train a linear support vector machine where for the training data

{(xi,¥:)}, we perform the optimization as described in Eqn 2.1.

2.5 Diagnosis from fMRI Scans

This section describes the diagnosis algorithm for ADHD vs. Healthy and Autism vs. Healthy
prediction from fMRI scans using blind source separation. Source separation techniques can
identify functionally connected networks by estimating spatially independent patterns from
their linearly mixed fMRI signal [46]. However source separation for different individuals

can produce different spatial patterns (also known as spatial maps) for different subjects
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and hence temporal or spatial concatenation becomes necessary before applying any source
separation method. Each source separation method decomposes fMRI scan into spatial
components or maps with associated time courses. This means that each voxel in the spatial
map will have common time course. We use temporal concatenation approach that allows
for unique time courses (TCs) for each subject, but assumes common spatial maps (SMs)
across all subjects whereas the spatial concatenation approach (not discussed here) allows
for unique SMs but assumes common TCs. Although they are really just two different
approaches for organizing the data (spatial vs temporal) as shown in Fig. 2.8, temporal
concatenation appears to work better for fMRI data [44] most likely because the subject-
to-subject temporal variations are much larger than the variation in the spatial maps at

conventional field strengths of 3T and below [43, 46].

Components

WVoxels WVoxels
=
3 | MR data 1 g
0} 2 | Common ICA maps
5] 2
] s |7
#| | fMRI data 2 = e =
E 3
5 5]
0
o
c
3 | MRI datan 2]
Temporal concatenation
Components
n x Voxels n x Voxels
Q
= _ = | Gommaon g
3| |fMRIdata1 |fMRIdata2 || fMRI data n = 3| | Time % | Group ICA maps
Courses o

Spatial Concatenation

Figure 2.8: Temporal vs. spatial concatenation

fMRI scans have a large number of voxels over a number of time points. Combining
all the fMRI scans from all subjects for source separation becomes computationally inten-
sive and intractable. Hence before the concatenation, dimensionality reduction of the data
becomes necessary [1],[2] to capture the subject level variations in the data. This is done
using principal component analysis (PCA) on individual subjects. After that our algorithm
concatenates the fMRI scans and source separation is done [46]. Previous studies( [1, 52])

have explored brain regions that are strongly temporally coherent (which means they are
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co-activated during rest) using source separation techniques like PCA and independent com-
ponent analysis (ICA). PCA separates the fMRI brain scan into uncorrelated spatial maps or
sources based on variations in the time whereas ICA decomposes the brain fMRI scans into
spatially independent components (sources or spatial maps) and their corresponding time
courses. It assumes that the spatial maps have constant higher order statistics [1, 2, 4]. For
example, one source may be a random process with probability density function % exp(—Alz|)
(the probability of seeing a voxel with intensity x) with constant parameter A. On the other
hand, a variable parameter will be dependent on the location of the brain region. An exam-
ple of probability density function with a variable parameter A(r) (r is location of the voxel
in the scan) may be denoted as be %T) exp(—A(r)|x|). Here A is parameterized by r. Here
we introduce k-PCA and NSD for fMRI source separation. In all the cases, we denote the
fMRI scan of the it" subject as X[iTxV] and view X[iT><V] ~ Ajrxk) X S|gxv] where the
rows of S are estimated spatial maps and the columns of A; are corresponding estimated
time courses. Note that the S matrix is the same for all users, but the A matrix varies from
patient to patient.

The common use of ICA based source separation in fMRI applies the infomax [51] prin-
ciple for separating components that decompose the brain into spatially independent maps.
However, the theoretical derivation of ICA requires the following assumptions to hold: i)
the spatial maps should have non-gaussian distribution, and ii) each voxel time course in
the fMRI scan should be independent and identically distributed (IID). We relax these as-
sumptions and experiment with four different source separation techniques to find a good
representation of fMRI scans using common bases. The input to this algorithm is prepro-

cessed IMRI scans.

2.5.1 Method 3 (Using fMRI Source Separation Models for Pre-
diction of Psychiatric Diseases)

Our algorithm pipeline is given in Fig. 2.9. For source separation we compare each of the

four separation methods and compare the results in the next chapter.

Dimensionality Reduction

In order to reduce the computational load on group level analysis, different approaches
have been proposed for dimensionality reduction before group level source separation anal-
ysis. We follow the standard 2-Step principal component analysis reduction of the data
[1],[2]. Our main motivation for using this model is its assumption that there are common
spatial sources for each data set where subjects differ based on temporal weights of each
source. The 2-Step data reduction captures the subject level variations and group level

commonalities.
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(a) fMRI source separation stage to find common spatial maps. The input is individual {MRI scans.
Subject i of dimesion 7" x V has scan id X{ryq. At the second step after reduction, the i*" subject

Yé«m XV has Tyeq X V dimensions. At third step after concatenation of n subjects, the matrix has

dimension nTyeq X V
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(b) Input, algorithm pipeline and output of the learning and performance task for Method 3

Figure 2.9: Our learning system in two stages. First stage finds common spatial maps. The second
stage develops the classifier responsible for diagnosing new subjects, which is then used in testing.
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Theory of Principal Component Analysis (PCA): For any data matrix X,
where p is number of features and ¢ number of examples, we can define a covariance matrix

of the features (assuming X is zero centered),
»=xx7T (2.2)

Then Ye = Ae holds for each eigenvalue/eigenvector pair (A, e), where eigenvector e € RP
has the corresponding eigenvalue A € R. Since 3 is symmetric, it will always have non-
negative eigenvalues A € 8. We can sort eigenvalues of ¥ in descending order, i.e. A\; > A;j41.
There can be at most p such eigenvalue/eigenvector pairs (assuming p < q). The eigenvectors
of a matrix are orthogonal to every other eigenvector of this matrix. The *" principal

component is the data matrix projected onto eigenvector e;.

In order to apply source separation for the whole dataset, we apply a data reduction
step following Calhoun et al. [1]. This data reduction procedure uses 2-Step principal com-
ponent analysis and is implemented in the GIFT package !'. We briefly describe the ideas
involving the data reduction stage. Suppose we have fMRI scan X* matrices for i = 1,..,n
subjects. We then reduce the T' x V data matrix X® from each subject, to a Tyeq X V ma-
trix by selecting Treq largest eigenvalues capturing 99% of the variance using PCA. Next,
the reduced data-matrices from each subject are concatenated to form the group level data
matrix of size nTeq X V. The concatenated dataset is then passed through a second group
level PCA to select K dimensions. After this 2-Step data reduction, we get an aggregate
data matrix of size K x V over all subjects. Source separation is performed on this data
matrix. This data matrix, denoted as X[k vy, is designated to represent the corresponding
dataset.

Here we consider the model, X [iT><V] = Aiirx k151K xv] following [4]. The model assumes
that the response of each fMRI voxel at time ¢ is a weighted linear combination of specific
sources common across subjects. But the weighting of these sources (time courses for each
source) for different subjects will be different.

In the first level PCA, the reduced matrix for subject i is Y* = U; X? where U; is the
T,eq x T reduction matrix. Then we concatenate Y?’s to get Y of size nTyeq X V. In the
second step, the reduced matrix X = F'Y where F is a K X nT,.q reduction matrix. If we
divide the F' into n sub-blocks Fj, each of size K X T4, then F; corresponds to reduction
matrix for subject i. This is shown pictorially in Figures 2.9a and 2.10. Hence for subject
i,

X'=U;F, X =U; F; AS = A;S (2.3)
where A; = U, F; A, which is different for each patient. Here U; and F; are pseudo-
inverses of U; and F; respectively. X is represented by A; and S pictorially in Fig. 2.10

Hhttp://mialab.mrn.org/software/gift/
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Figure 2.10: Pictorial Representation of X* by A; and S. Here each arrow implies dot product of
the matrix before arrow with the matrix on the arrow

Specifically for ADHD or Autism prediction, our hypothesis is: the time courses for the
patients will be different from controls for the ADHD/Autism patients. This hypothesis is
validated by the 5-fold cross validation and test accuracy on ADHD-200/ABIDE data.

Separation of Spatial Sources

Principal Component Analysis (PCA) for fMRI In this case, after dimensionality
reduction from Equation 2.3, the rows of representative scan X[k ) are directly used as
spatial maps. The projection of i*" patient’s fMRI scan on these vectors yields the time

components (columns of A;).

Theory of Kernel Principal Component Analysis (k-PCA) For representative
fMRI scan X[gyq, a nonlinear similarity can exist in inner-product space H (such that
¢: X — H).

S = 6(X) 6(X)7 (2.4)

For Radial Basis Function kernel (RBF),

(xi _ij)'(ivi_x]')) (25)

Erbf(ivj) = exp(— 252
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where z; and x; are it" and j*" column of X respectively. Once the kernel similarity matrix
is computed, we get the eigenvalue/eigenvector pair of the kernel matrix. The projection on
eigenvectors would be the spatial maps (rows of S) and the dot product of each patient’s

fMRI scan on these maps are the time components (columns of 4;).

Theory of Independent Component Analysis (ICA) Current source separation
methods in the fMRI literature mostly focus on separating statistically independent sta-
tionary signals over all voxels using ICA. Here we give log-likelihood interpretation for ICA.
The process for independent component analysis is shown in Fig 2.11.

For representative fMRI scan X{xxv) = Agxr] X S[xxv], we denote each row i of X
as 2 (size 1 x V) and each column j as z; (size K x 1). Assume each row z* consists of V'
observation of the random variable x!. We denote each row i in S by s* and assume row s’
consists of V observations of random variable si. We also denote each column j of S as s;.

Now our goal is to find A such s' for i € {1,2,3...K} are independent of each other.

Ty = ASj, S5 = Wl‘j (26)

unknown \

51
4 > — "l
Sp— 2o Blind |[— 5,
g Source . .
’ [ [}
g . Separation | .
. > —
X K
K
SK
&““]WH / thmi Estimated
signals sources

Figure 2.11: Independent component analysis illustration reference [57]

where W is inverse of A. Repeated observations of x; at different voxels (j = 1,2..V

i.e. time series for V different voxels) give us each column of X. To capture log-likelihood
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formulation of ICA, for the data X, we assume that the distribution of i*"* source s' is given
by a density ps(s'), and that the joint distribution of the sources are independent and so is

given by

1.2 Ky_ N i
p(s,s*,.s%) = Hps(s ) (2.7)
i=1

The probability of the received signals for j" observation (z;) is given by (see indepen-

dent component analysis!'?)

K
P([x',x%, .. x¥T = o)) « Hps(ngj) x det(W) (2.8)
i=1

Where W7 is transpose of W. The log-likelihood formulation is

K

max (;log ps(WLT:xj) + log det(W)) (2.9)

Any nongaussian distribution can be assumed for p,'2. For the dataset (X[va]), the

optimization function to maximize is

K V
W* = argvrvnax (ZZlog ps(Wl—:ij) + log det(W)) (2.10)
i=1 j=1

After estimating W* on the reduced matrix, we estimate the common spatial sources S.

Then, for each patient, the time courses A; are calculated from Equation 2.3.

Theory of Non-Stationary Spatial Sources Decomposition (NSD) The principle
of source separation using independent component analysis is based on the assumption that
each source has constant higher statistics — i.e. as mentioned earlier, the probability density
of each source is parameterized by a constant value which does not change with location of
voxels. Here two neighboring voxels are assumed to be independent. In contrast, our model
allows two neighboring voxels to be correlated. During source separation, we model each scan
to be a combination of spatial maps (or sources) where each spatial map is non-stationary
— i.e. it is taken from a probability density function parameterized by location of voxels.
In this case, it can be shown that the separation can be based on multiple decorrelation at

different locations [54, 55]. We think these spatial sources should be non-stationary as:

1. One source (which corresponds to one row in S) may not have the same magnitude and
variation throughout the whole brain due to in-homogeneous magnetic susceptibility
that depends on the location of voxels in the scan. Commonly used source separation

models require that the sources have same variation for the whole brain scan.

12http://cs229.stanford.edu/notes/cs229-notes11.pdf
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2. The strength and variability within a particular source (which corresponds to one row
in S) depends on the brain tissue type in a particular brain region. For example,
activation values in grey matter and white matter (which depends on the amount of

oxygenated blood flow in that tissue) would be different.

In order to develop the theory for nonstationary source decomposition, we note, the
representative fMRI scan X[y v] & A[xxk]S[kx xv], where S is an K x V matrix of source
components, where each row k (size 1 x V') provides contribution of voxel co-ordinates to
kth source. Each spatial activation refers to one row in S. Column k in matrix A will have
corresponding time courses for k** spatial component.

In mathematical terms, suppose we have K independent spatial maps (corresponding to
each row in S) and V observations, each corresponding to a 3D brain scan at a time point.
Then, we can formulate the covariance matrix at location r as R,(r) = (z(r)z(r)T) =
A Dy(r) AT where R,, D,(r) are of size K x K. Further we let z(r) = X (:, N(r)) where N(r)
represents any suitably chosen region around position r for which the signals are assumed
to have same higher order statistics. For our experiments, we have chosen N(r) to be a
4 x 4 x 4 bounding box (e.g., if the point r = [ 200, 100, 50 ], then this box is defined by
corners [199, 99, 49] and [202, 102, 52]). Increasing the bounding box severely degraded the
performance of the model (5-fold cross validation accuracy described in Section 2.2).

Assuming the sources are spatially non-stationary, and following [7], [8],

x(r) ~ As(r)
Ry(r) = (a(r)a(r)T) = A (s(r)s(r)") AT = A Dy(r) AT
However, as we do not have a perfect estimate for R, (r), we estimate the covariance
matrix R, (r) for some spatial interval. We denote the sample estimates as R**(r). The
measurement error
E(r) = R (r) — AD,(r) AT
Suppose we have N samples of R¢*!(r) for {r € ri,rs,..,7n}, then we can estimate the

parameters by

N
A%t D (ry), D (ry), .. D (1) = argmin Z | E(rs) |2
A,Ds(r1),...,Ds(rN) b1

This is with high confidence, accurate for large N. Now, the source components can be
estimated as
5%t = argmin ||z — A%!s|?
S
Then, for each patient the time courses A; is calculated from Eqn. 2.3. This method

decorrelates the spatial sources at different regions of the brain which is desirable for the

reasons described before.
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Support Vector Machine Classifier The extracted time courses for each component
yields a total number of K x T features. They are used as input to an support vector
machine (svm) learner with radial basis function kernel (with v € V' where V is [0.1 : 102.4]
with V(i) = 2 x V(i — 1); which is a standard practice) to produce a predictor, which can

then be used to predict the class of a novel instance.

2.6 Diagnosis from Multimodal Features

2.6.1 Method 4 (Multi-modal Features for Prediction of Psychi-
atric Diseases)

For n subjects, suppose X;”’Xr}l is feature matrix from the one-layer convolutional network
and X 7’: Zl}“; is feature matrix from nonstationary ICA.

The combined feature matrix is Xﬁ";’}bi”ed; where f = f1+ f2. This matrix was then
divided into training set and holdout set by instances as in Section 2.1.

Both these sets of feature values were used to train a linear support vector machine

where for the training data {(x;,y;)}, we perform the optimization as described in Eqn 2.1.
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Chapter 3

Results

3.1 Method 1 (Using off-the-shelf Features from Con-
volutional Neural Network)

The 5-fold cross validation accuracy on the ADHD-200 data training set was 0.5986 vs. a
baseline of 0.50. The hold-out set accuracy was 0.6023. The sensitivity, specificity and
Jstat were 0.3156, 0.7655 and 0.0811 respectively. For the ABIDE dataset, the 5-fold cross
validation accuracy on the training set was 0.5237. The test set accuaracy was 0.4951 (less
than chance accuracy). The specificity and sensitivity were 0.5625 and 0.4236. Jstat is not

reported here as specificity+sensitivity<1.

3.1.1 Discussion

In this experiment, transfer learning from 2D image recognition is not very helpful. The rea-
son for the lackluster performance may be due to inherent 3D geometric structures of brain
and different inherent image statistics of MRI images, which is different from identifying

objects within 2D images.

3.2 Method 2 (Using a Single Layer Unsupervised Con-
volutional Neural Net)

3.2.1 Model Accuracy

The results for 5-fold cross validation and hold-out accuracies are shown in Tables 3.1 and
3.2. The best 5-fold cross-validation accuracy achievable for ADHD-200 data is 0.6346. For
the hold-out data it is 0.6257. The sensitivity, specificity and Jstat of the classifier on the
hold-out set is given by 0.4195, 0.8421 and 0.2616 respectively.

The best 5-fold cross-validation accuracy achievable for ABIDE data is 0.6137. For the
hold-out data, it is 0.6173. The sensitivity, specificity and Jstat of the classifier on the
hold-out set is given by 0.4896, 0.7296 and 0.2092 respectively.

27



Table 3.1: 5-fold cross-validation and hold-out results for ADHD classification using features
from structural images

NUMBER OF FEATURE Maprs 5H-FoLb CV Accuracy HOLD-OUT ACCURACY

75 0.6201 -
100 0.6346 0.6257
125 0.6254 -
150 0.6129 -
175 0.6111 -
200 0.6290 -

Table 3.2: 5-fold cross-validation and hold-out results for Autism classification using features
from structural images

NUMBER OF FEATURE Maps 5-FoLb CV Accuracy HOLD-OUT ACCURACY

75 0.5974 -
100 0.5962 -
125 0.5916 -
150 0.5987 -
175 0.6137 0.6173
200 0.6113 -

3.2.2 Discussion

In this experiment, we showed that a simple texture based feature learning method can be
useful for the classification and prediction of psychiatric diseases (ADHD/Autism). Espe-
cially using the textures that were learned from the data itself, we were able to predict the
disease comparably to state-of-the-art accuracies for ADHD [10, 14, 13, 4] and autism [11].

The main reasons for the performance of this simple model are two fold.

e The model incorporated nonlinear transformation in the convolution and max-pooling
layer shown in Fig. 2.5 in the form of a sigmoid function. Compared to linear texture
model, this can enhance subtle details [32] in a tissue. The median axial slice (34"
axial slice as we have 68 axial slices in total for each subject) for one subject from 3D
MRI scan is shown in Fig. 3.1. We have also shown the voxel values in the colorbar.
Noticeably, most of the voxels have very high values. Figures 3.3a and 3.3b show
the effect of the learned filters on median axial slices for one ADHD and one Autism
patient respectively. These images were computed by convolving each filter with one
ADHD (respectively autism) patient’s structural MRI scan. Here, some parts of the
brain tissues are prominent (having larger weights) while the other parts insubstantial
(having lesser weights) after they are convolved with the learned filters (Fig. 3.2 shows
one substantial portion in the tissue after convolution). The arrangement of voxels

after the covolution, is very helpful and informative. These features are important
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Figure 3.1: Median axial slice from MRI scan

The red colored portion
has more weights
compared to other
portions in the tissue

Figure 3.2: Median axial slice from MRI scan after convolution with one filter

as they may be able to signify loss of brain tissue and inflammation in those regions.
Also, the features have good predictive power as can be seen in test accuracies of the

model.

The model captured 3-D texture information in the learned filters shown in Fig. 3.4
and Fig. 3.5. Here we have shown five 5 x 5 2-D axial slices of 5 x 5 x 5 filters for
visualization. The filters mainly capture different orientations of edges, blobs and
spacial arrangements of voxels. These filters learned are different from the filters
learned from natural images shown in Fig. 2.7. These filters learned from MRI data
are informative as can be seen from the test set accuracy of the model. Hence learning

these domain specific filters helped to improve the prediction accuracy of the model.
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(b) Median axial slice from convolved images for one Autism patient from ABIDE dataset

Figure 3.3: Effect of learned filters on median MRI scan

30



AT"RP AL
IFRP Al
'I PRy 4N
RYEEF 4N

AYERFATAT

BLTEEEY
BAYPREN

L& r
r

Nk

M
(S |
(]

L]

-
-
-

o

-

d
]
i
|
i

L
LE
I B
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3.3 Method 3 (Using fMRI Source Separation Models
for Prediction of Psychiatric Diseases)

3.3.1 Experiments Using ADHD-200 Data

Model 5-Fold Cross Validation Accuracy

The results showing our model accuracies on training data (baseline 0.50) are given in
Table 3.3 which shows that using 45 independent components provide the best classification
accuracy with significant statistical significance (p=1.827e-12) vs. baseline.

Summary of ADHD-200 5-fold cross validation accuracy is given in Fig. 3.6.
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Figure 3.6: 5-fold cross validation results of ADHD classification

Model Hold-out Test Accuracy

The test accuracy was 0.6491 on the hold-out data (baseline 0.5497). To our knowledge, this
is the best test-set accuracy achieved on ADHD-200 test data using only fMRI scans. The
test-set result is also statistically significant (p=0.0033) vs. the baseline. The specificity,
sensitivity and Jstat are given by 0.8191, 0.4416 and 0.2607 respectively. A comparison of
our results to previously published best performing algorithms for ADHD-200 competition
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Table 3.3: 5-fold cross-validation results for ADHD classification using different number of
independent components

NUMBER OF ICs

(SVM GAMMA) 5-FoLp CV Accuracy 5-Forp CV STD

30(6.4) 0.6216 0.0399
35(3.2) 0.6378 0.0374
40(1.6) 0.6432 0.0390
45(3.2) 0.6450 0.0291
50(3.2) 0.6360 0.0261
55(3.2) 0.6378 0.0075

Table 3.4: Hold-out test results for ADHD classification using only imaging data

ALGORITHM ACCURACY SPECIFICITY SENSITIVITY  J-STATISTICS
Our REsuLT 0.6491 0.8191 0.4416 0.2607
ELOYAN ET AL [3] 0.610 0.94 0.21 0.15
DAI ET AL [13] 0.6150 0.7766 0.4133 0.1833
SIDHU ET AL [14] 0.614 _ - _
GHIASSIAN ET AL [10] 0.6260 _ - -

is shown in Table 3.4.

Spatial Maps from ADHD-200 data

The spatial maps from non-stationary source decomposition are shown in Fig. 3.7 and
Fig. 3.8. For each spatial map, 9 axial slices are shown. IC1 is an artifact as all the voxels
have very high values in this spatial map. Because all the voxels in the brain are equally
important in this component, it is shared by all the voxels. It has been shown that noise like
motion, breathing and attention signals can modulate voxels throughout the brain [24]. IC3
is also an artifact as it consists of regions from cerebrospinal fluids and is a result of cardiac
pulsatility artifacts [28]. Removing these two artifacts does not change the performance of
the model. The other components consist of some common default mode networks (regions
that are shown to be active during rest [53]) as well as some new resting state networks
chosen by the algorithm from the ADHD-200 dataset. Some of the resting state networks
found are consistent with [15]. For example, IC5 is the resting state network for peristriate
area, and lateral and superior occipital gyrus, which are areas related to visual cortex
and might represent spontaneous brain activities like day-dreaming [25, 27]. It is easy to
connect this component to ADHD as ADHD patients are more likely to experience mind-
wandering [48]. IC6 captured connectivity in the frontal and occipital lobe (responsible for
planning and many areas of vision respectively). This area is very important for ADHD

as well, as ADHD patients may suffer from lack of effective planning [30]. An interesting
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observation is that IC24 consists of pons (responsible for eye movement, sleep, and many
other vegetal and automatic functions) regions and temporal lobe (for sensory processing,
memory formation and higher order association processing). Their usefulness in prediction
suggests that some of the physical signals captured by fMRI are also indicative of a disease

state.
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Figure 3.7: Spatial maps or components 1-25 for ADHD-200 using NSD. Each component is shown
in a box and 9 axial slices are shown. The colorbar is same as Fig. 3.1
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3.3.2 Experiments Using ABIDE Data
Model 5-Fold Cross Validation Training Accuracy

The 5-fold cross-validation accuracy of the model along with the range have been shown
in Table 3.5 . The best performing model has a cross-validation accuracy of 0.6225 over
baseline 0.5157 (p = 4.9460e-10)

The results for cross validation accuracy for all the source decomposition methods is

shown in Fig. 3.9.
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Figure 3.9: 5-fold cross validation results of Autism classification

Model Hold-out Test Accuracy

The accuracy on the hold-out data was 0.6233. This result is statistically significant (p =
0.01) and 2.33% higher with respect to previous best result [10]. The specificity, sensitivity
and Jstat are given by 0.6768, 0.5533 and 0.2301 respectively.
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Table 3.5: 5-fold cross-validation results for Autism classification using different number of
independent components

NUMBER OF ICs

(SVM GAMMA) 5-FoLp CV Accuracy 5-FoLp CV STD Dev

30(51.2) 0.5925 0.0158
35(51.2) 0.5825 0.0049
40(51.2) 0.6159 0.0078
45(51.2) 0.6225 0.0210
50(51.2) 0.6000 0.013
55(51.2) 0.5987 0.0059

Table 3.6: Leave-one-out results for Autism classification using only imaging data

ALGORITHM ACCURACY SPECIFICITY SENSITIVITY J-STATISTICS
OUR RESULT 0.6139 0.6475 0.5781 0.2256
NIELSEN ET AL [18] 0.60 0.58 0.62 0.20

Leave-one-out Accuracy Comparison

Leave-one-out accuracy of the model was also calculated to compare the results with previous

best result. The comparison is shown in Table 3.6.

Spatial Maps from ABIDE data

The spatial maps found using multiple de-correlation are shown in Fig. 3.10 and Fig. 3.11.
IC1 is an artifact as it is shared by almost all the voxels [24]. IC3 is also an artifact as it
consists of regions from cerebrospinal fluids and is a result cardiac pulsatility artifacts [28].
A deeper investigation into the components shows multiple overlapping components. The
components include visual areas (visual cortex, V1 and V2), partial overlapping with some
default mode networks (PCC/precuneus, anterior cingulate cortex and frontal lobe) and
motor networks. These components are informative: see the cross-validation, test accuracy

on the ABIDE data for autism classification.

3.3.3 Discussion on Results

In our analysis we have used the individual time courses for each component as features
for the learner. The separation model is X[iTxV] ~  Ajrxn X Siixv) where rows of S
are estimated spatial map and columns of A are corresponding estimated time courses.
The time course component A. ; correspond to weighting of the component ;.. A smaller
component weight A. ; will correspond to lower contribution of the component to the whole

scan and indicate hypo-connectivity. Likewise higher weights for a component will represent
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Figure 3.11: Spatial maps or components 26-45 for ABIDE using NSD. Each component is shown
in a box and 9 axial slices are shown. The colorbar is same as Fig. 3.1




hyper-connectivity.

For ADHD, different studies have reported different pathological changes in brain [21].
Tian et al. [22] showed a higher level activity in sensory cortex. Whereas using a similar
method, Castellanos et al. [23] conceptualized a lower connectivity between anterior cingu-
lar cortex, precuneus and posterior cingulate cortex. In our studies, we found differences in
group level mean connectivities for ADHD cases for visual and default mode components
corresponding to regions denoted in [21, 23] (S = IC4, ICT7, IC9, IC28, 1C36, 1C38, 1C42,
I1C43). We compared corresponding group level mean weights for Healthy and ADHD pa-
tients. For I1Ci € S, corresponding weights A. ; are reduced for ADHD patients in a total
of 42, 42, 42, 42, 40, 41, 43, 36 time points out of total number of time points 91. The
reduced differences for were statistically significant (p < 0.05) for 21, 20, 20, 21, 19, 19, 22,
18 number of time points. This means, the patients suffering from ADHD might have a
combination of hyper-connective or hypo-connective brain depending on time points.

For Autism, the main connectivity loss is noted in frontal lobe and other cortical ar-
eas [19] [20]. In our analysis this corresponds to IC4, IC6, IC7, IC8, IC15, IC16, 1C29, 1C42,
IC41. In all these cases, similar to ADHD, we compared corresponding group level mean
weights for Healthy and Autism patients. The weights are reduced for autism patients in a
total of 51, 57, 50, 57, 53, 53, 52, 53, 52 time points whereas total number of time points is
91. Also these differences were significant with (p < 0.05) for 21, 20, 20, 23, 19, 23, 20, 18,
19 number of time points. IC3 predominantly represents CSF ventricle in brain. Our study
shows that this component does not have much effect between healthy and autistic brains
as there is group level differences (p < 0.05) in only 18 time points — i.e. only 0.2 of the

whole time points of IC3 are significantly different.

3.4 Method 4 (Multi-modal Features for Prediction of
Psychiatric Diseases)

5-fold cross validation and test set accuracy results are shown in Tables 3.7 and 3.8.

Table 3.7: 5-fold cross validation results for ADHD classification using features from struc-
tural and functional scans

5-Fold CV Accuracy Hold-out Accuracy
0.6892 0.6725

Table 3.8: 5-fold cross validation results for Autism classification using features from struc-
tural and functional scans

5-Fold CV Accuracy Hold-out Accuracy
0.6312 0.6431
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For both of these datasets (ADHD-200 and ABIDE), these accuracy values are the best
known using only imaging data. For the ADHD-200 hold-out test, the specificity, sensitivity
and Jstat are 0.8510, 0.4545, 0.3055 respectively. For the ABIDE hold-out test, specificity,
sensitivity and Jstat are 0.6832, 0.6, 0.2832 respectively.

3.4.1 Discussion

As shown in [10], texture based features from fMRI and MRI scans can be predictive of
psychiatric diseases. Our model derives the texture based features from MRI and combines

them with resting state information from fMRI to produce a strong predictor.

Comparison with Previous results

Though there is a significant improvement of the prediction results compared to previous
works, the model is able to increase the prediction accuracy only by 4.65% for ADHD and
4.31% for Autism compared to the previous works on ADHD/Autism prediction. There
are several reasons for the lackluster performance. We can hypothesize that the resting
state network structures are not significantly different between ADHD/Autism patients and
healthy controls. As can be seen from the previous section, almost half of the total number
of time points for each spatial component had no statistical differences between healthy and
ADHD/Autism positives. Also it is later shown (Fig. 3.12) that the pre-processing step does
not remove all the site dependent artifacts for the fMRI data.

Effect of Unbalanced Data for ADHD-200

Here we discuss effect of unbalanced data for ADHD classification. In the case of autism
classification from ABIDE data, the class labels (healthy vs. autism) are almost equally
distributed (baseline 0.5157), hence we did not use balanced data for training and testing.
Instead of using the balanced training set for ADHD classification, had we used the unbal-
anced training set (with baseline 0.6372), the training accuracy for the model rises to 0.715
(std 0.043 and p=1.9388e-06). However the hold-out test accuracy drops to 0.6257. This
result shows that balancing the training set may be a good way to improve the classifier
prediction accuracy. One drawback of this method is it may not be representative of the
population as only 11% of children 4-17 years of age have been diagnosed with ADHD in
United States as of 2011 ©.

Reliability of Multisite Dataset

Although pre-processing was applied to the data before applying any machine learning step,
the datasets suffer significantly from site dependent variations. Both ADHD-200 and ABIDE

data were passed through careful experimental control and quality assurance checks. Even

Shttp://www.cdc.gov/nchs/fastats/adhd.htm
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after that the site dependent variations have a heavy impact on the data. For ADHD-200,
Fig. 3.12 shows the first two principal components where data from each site is shown using
one color (independent of ADHD vs control label). Ideally we should see data from different

sites intermixed together but instead we see clusters corresponding to different sites.

PCA Compl-2

Figure 3.12: PCA Component 1-2 for different sites. Each number represents one site. Here, x-y
axes are PCA component 1 and PCA component 2 respectively.

Most of the papers working on ADHD-200/ABIDE data suffer from this fatal caveat. The
first few principal components among the fMRI scans account for most site dependent
variations. However if we attempt to learn a model based on removing first few components
to make the data more homogeneous, the model loses its predictability, indicating that the
first few important principal components are important features for disease classification too.
We can use the fMRI ICA features to learn a classifier that is able to predict site from which
the subjects come from, with 92% accuracy. Hence we hypothesize that ADHD/Autism
predictability is also interlinked with site dependent fMRI scan features — i.e. there are
some common features that can predict both the site and the disease. These two factors
should be decoupled before we can do a true analysis of ADHD/Autism predictability using
fMRI features. However, our analysis is an important step towards an automated generalized

prediction model for psychiatric disease detection.
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Chapter 4

Conclusion

The development of automatic ADHD/Autism diagnostic algorithms from MRI/fMRI data
is a challenging task. The application of statistical pattern recognition algorithms to this
problem currently yields only moderately good results, rendering these classification systems
unfit for deploying in the health-care industry. However, much research is being done to
improve these results and search for discriminative features for classifying ADHD/Autism
amongst the plethora of voxel values present in structural (MRI) and functional neuroimages
(fMRI).

In this dissertation, we derived a novel algorithm for combining structural and functional
features using 3D texture based and independent component analysis of the whole 4-D fMRI
scan, which can then be used for classification. We also explored different representation of
brain functional connectivity useful for differentiating Healthy vs Psychiatric patients. Our
results indicate that combining multimodal features (both MRI and fMRI) yields moder-
ately good classification accuracy for ADHD/Autism, which is an important step towards
computer aided diagnosis of these psychiatric diseases.

Still, there is much work to be done in this area. For example, source separation based on
deep belief networks [29] can be investigated in this vein. Using other multimodal (Diffusion
Tomographic Imaging, Electroencephalogram) features also be used for prediction. More-
over we identify site independent characteristics for any feature extraction an important

challenge of the problem and future efforts should be directed in this vein.
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